Background: The prognostic value of surgery and postoperative radiotherapy (PORT) for primary thymic neuroendocrine tumors (TNETs) was estimated using the SEER database. Methods: This retrospective study used SEER data of TNET patients between 1998 and 2015. Propensity score matching (PSM) was performed according to whether surgery was performed. The prognostic effects on overall survival (OS) and cancer-specific survival (CSS) were evaluated using multivariate Cox regression. Results: A total of 3947 patients were included: 293 (7.4%) TNET, 2788 (70.6%) thymoma, and 866 (21.9%) thymic carcinoma. Compared to other subtypes, TNET patients were younger, included a larger proportion of men, had a well or moderately differentiated histological grade, higher disease stage at diagnosis, and were more likely to have regional lymph node metastasis. The median OS and CSS for TNET were 82.9 (95% confidence interval 74.3-91.4) and 101.9 (95% confidence interval 91.9-111.8) months, respectively, significantly shorter than for thymomas. In the matched cohort of TNET patients, multivariate analysis of OS and CSS revealed a significantly poorer prognosis in the nonsurgery group (P < 0.001). Compared to total/radical resection, TNET patients who underwent debulking resection had significantly inferior outcomes (P < 0.05). Postoperative radiotherapy favorably impacted OS and CSS in Masaoka-Koga stage III-IV TNET patients; this OS impact was also observed in stage IIB patients. Conclusion: TNETs are extremely rare with relatively dismal outcomes. This analysis revealed the role of complete surgical resection and the favorable effect of postoperative radiotherapy in specific TNET subgroups.
Introduction
Primary thymic neuroendocrine tumors (TNETs) are extremely rare anterior mediastinal malignancies. Since the first report by Rosai and Higa in 1972, 1 no more than 400 cases have been reported in the literature. 2, 3 TNETs account for approximately 5% of all thymic neoplasms and are defined separately from thymomas. TNETs are categorized as a distinct entity according to the latest version of the World Health Organization (WHO) tumor classification. 4 Similar to other neuroendocrine tumors, TNETs exhibit aggressive biological behavior and are always associated with endocrinopathies, such as Cushing's syndrome and multiple endocrine neoplasia type 1 (MEN-1 syndrome). [5] [6] [7] Compared to other thymic malignancies, TNETs have a poorer prognosis because of the high rate of lymph node and distant metastases at diagnosis. 8, 9 Although surgical resection is the recommended option for curative-intent treatment, prognosis remains poor. 10 In published cases series, the five-year overall survival (OS) of TNETs after surgery varied from 28% to 91.6%, 3, 4, [9] [10] [11] [12] most likely because of the high risk of recurrence. Moreover, existing data are limited by the sample size, and the exact role of surgery requires validation. Postoperative radiotherapy (PORT) has been suggested as an adjuvant therapy to prevent local-regional recurrence after surgical resection in thymoma and thymic carcinoma. [13] [14] [15] However, the effect of PORT on TNET patients remains controversial, 10, 16, 17 despite reports of its possible beneficial role in limitedstage disease. Therefore, we conducted a retrospective study based on the Surveillance, Epidemiology and End Results (SEER) database to estimate the outcomes of patients treated with different types of surgery as well as PORT, and to confirm their prognostic value for TNET patients. We also compared the clinicopathological characteristics and survival outcomes of TNETs with those of other subtypes of thymic malignancies to benefit the decision-making process in clinical practice.
Methods

Patient sample
This study was based on the SEER 18-Registry databases , covering approximately 30% of the American population. 18 We identified all patients with a primary site labeled as thymus (C37.9) between 1998 and 2015. The eligibility criteria included the following: (i) age > 18 years and (ii) survival duration ≥ 1 month; cases with a death certificate or autopsy were excluded. Tumors were classified into three categories according to International Classification of Disease (ICD-O-3) codes: TNETs (8150-8157, 8240-8246, and 8249), thymoma (8580-8585), and thymic carcinoma (8070, 8123, 8430, 8082, 8310, 8033, 8260, 8200, 8480, 8140, 8023, 8560, 8576, 8586, 8588, and 8589). We collected the demographic features and clinicopathological characteristics of these patients, such as age at diagnosis, gender, primary site, race, treatment for the primary site, survival duration, and vital status. Because information about microscopic capsular invasion is not included in the SEER database, stage I patients could not be distinguished from stage IIA patients. Referring to previously published SEER-based studies, patients were categorized into four staging groups based on the Masaoka-Koga (M-K) staging system: stage I/IIA (invasive tumor confined to the thymus), stage IIB (tumor adjacent connective tissue), stage III/IV (tumor adjacent organs or further contiguous extension or lymph node metastasis occurs), and unknown (unknown extent of disease). 15, 19 The pathologic M-K stage was determined by surgical specimen when resection was performed, or based on physical and imaging examinations or other non-invasive clinical evidence in patients who did not undergo surgery. 20 Using the variable "surgery of primary site (1998+)," the types of cancer-directed surgical resection were categorized into total resection, radical surgery, partial removal, local excision, debulking surgery and surgery, and not otherwise specified. The institutional review board and independent ethics committee of Fudan University Shanghai Cancer Center approved this study.
Statistical analysis
Continuous data were analyzed by Student's t-test, and categorical variables were compared using chi-square or Fisher's exact tests. To estimate the difference between patients who did or did not undergo surgery, we conducted 1:1 propensity-matched analysis. The PSM model was based on the clinicopathologic characteristics in this study. Kaplan-Meier (K-M) survival curves were assessed by the log-rank test. OS was measured from the date of initial treatment to the date of death or last follow-up. Cancer-specific survival (CSS) was measured from diagnosis until death from the specific tumor. Univariate analyses were conducted on all variables included in the study, and variables of P < 0.2 were entered into multivariate analyses. The prognostic effects of the covariate on OS and CSS were evaluated using the multivariate Cox regression model. All statistical analyses were performed using SPSS version 22.0 (IBM Corp., Armonk, NY, USA) and GraphPad Prism 7.0 (GraphPad Software, San Diego, CA, USA). Two-tailed P values < 0.05 were considered statistically significant.
Results
Baseline characteristics
Based on the eligibility criteria, a total of 3947 thymus tumor patients diagnosed between 1998 and 2015 were included: 293 (7.4%) were diagnosed with TNETs, 2788 (70.6%) with thymoma, and 866 (21.9%) with thymic carcinoma. Compared to other subtypes, TNET patients were younger at diagnosis (mean age 56.6 AE 15.9) and included a higher proportion of men (202, 68.9%). These patients were also predominantly Caucasian (208, 71.0%) and mainly from the Pacific coast (164, 56.0%). TNET patients had a well or moderately differentiated histological grade (107, 67.3%), higher disease stage at diagnosis (84, 29.5%), were more likely to have regional lymph node metastasis (P < 0.001), and less likely to receive radiotherapy (129, 44.0%). The characteristics and demographics of the cohort are shown in Table 1 .
We then investigated the clinicopathological characteristics of TNET patients across M-K stages (Table 2) . Patients with M-K stage III-IV were similar in race and marital status but included a higher proportion of women than at other stages. These patients were more likely to have a higher histological grade, larger tumor size, and lymph node metastasis (P < 0.001 for all). A greater number of patients with M-K stage I-IIB underwent surgical resection compared to stage III-IV (P < 0.001). However, most patients diagnosed with advanced disease (M-K stage IIB-IV) underwent radiotherapy (P < 0.001).
Survival analysis
The median follow-up duration of TNET patients was 38 months (range 1-174). The median OS and CSS were 82.9 (95% confidence interval [CI] 74.3-91.4) and 101.9 (95% CI: 91.9-111.8) months, respectively. We analyzed the OS and CSS differences among TNET, thymoma, and thymic carcinoma patients. OS in TNET patients was better than in thymic carcinoma (hazard ratio [HR] 1.287, 95% CI 1.064-1.557; P = 0.009), but worse than in thymoma patients (HR 0.563, 95% CI 0.471-0.673; P < 0.001). The K-M curves of CSS showed that the prognosis of thymoma was superior to the other two histological subtypes (see Fig 1) . The K-M curves of survival stratified by surgery or radiotherapy are shown in Figure S1 . Among patients who underwent surgical resection, thymoma had better OS and CSS than other subtypes, whereas there was no significant difference in outcomes between TNETs and thymic carcinoma. Similar results were observed in the radiotherapy category. We further investigated the survival of TNET patients according to the specific SEER summary stage. As shown in Figure 2 , patients with advanced stages (III-IV) had significantly inferior OS and CSS than those with early stages (I-IIB).
Prognostic value of surgery and postoperative radiotherapy for thymic neuroendocrine tumor patients
In the entire cohort, most patients (66.9%) received cancer-directed surgery, particularly those with early-stage disease. Patients with poorly differentiated tumors were less likely to undergo surgery. To minimize selection bias, we performed 1:1 nearest PSM analysis between TNET patients with or without surgery based on categorized variables. The balance of each variable in the unmatched and matched population is shown in Table S1 . Ninety-seven patients who underwent surgical resection were matched with 97 patients who did not undergo surgery. No significant difference in clinical characteristics was observed in the matched population. In the matched cohort, both the median OS and CSS were significantly better than those of patients who underwent surgery (yes vs. no, OS 103.4 vs. 50.0 months, P < 0.001; CSS 118.5 vs. 61.6 months, P < 0.001) (Fig 3) . In univariate analysis of CSS, gender, age, marital status, histological grade, and surgery were prognostic factors (Table S2) . Multivariate Cox analysis for CSS showed that women (HR 1.324, 95% CI 1.109-2.877; P = 0.047) and patients who did not undergo surgery (HR 3.429, 95% CI 1.482-7.933; P = 0.004) had a significantly poorer prognosis.
Because our results demonstrated the prognostic value of surgery, we estimated the difference in survival between surgery types. In the entire cohort, surgery was performed on 196 patients. The results of univariate and multivariate analyses are listed in Table 3 . Significantly shorter OS was observed in women (P = 0.040) and patients who underwent debulking tumor resection (P = 0.003). We also found that age at diagnosis (HR 1.975, 95% CI 1.957-1.994; P = 0.006) and debulking tumor resection (HR 2.894, 95% CI 1.21-6.924; P = 0.017) were independent prognostic factors in multivariate analysis for CSS. Of note, postoperative radiotherapy (PORT) was not an independent prognostic factor in multivariate Cox regression analysis for either OS or CSS. We then conducted subgroup analysis to estimate the PORT value in TNETs stratified by the M-K staging system. For TNET patients with M-K stage IIB, the median OS was 92 months in the PORT group and 65 months in the non-PORT group. The OS rate was higher in the PORT group than that in the control group (yes vs. no, five-year OS 67.6% vs.54.6%; P = 0.036) (Fig 4a,b) . PORT had a favorable survival impact in patients with M-K stage III-IV (yes vs. no, five-year OS 77.4% vs. 35.2%, P = 0.005; five-year CSS 77.4% vs.57.3%, P = 0.029) (Fig 4c,d) . Unfortunately, no significant difference in survival between the PORT and non-PORT groups was observed in patients with stage I-IIA (figures not shown).
Discussion
In the present study, we analyzed the survival outcomes of TNET patients over the past two decades using data from the SEER database. We found that surgery was associated with a better prognosis both before and after PSM and further found a favorable survival impact of complete resection in TNET patients. In subgroup analysis, PORT improved both OS and CSS in patients with M-K stage III-IV and improved OS in patients with M-K stage IIB.
Thoracic Cancer 9 (2018) 1603-1613 Our results suggested a male predominance among TNET patients (men-to-women ratio 2.2:1), and multivariate analysis showed that women were associated with a poorer prognosis than men. The impact of gender on survival has been reported for gastrointestinal malignancies [21] [22] [23] but has not yet been observed in thymic tumors. One explanation may be that in this study, men were more likely to receive surgery than women in the both entire population and the matched cohort. Among TNET patients, the median age at diagnosis was younger than in patients with other subtypes of thymic neoplasms, which was also observed in previous reports.
12,24 Because our study was based on a database of a Western population, Caucasian patients accounted for the largest proportion and the majority of patients were from East and Pacific coast regions, likely because of the advanced medical insurance systems in these regions. 25 In this study, SEER histologic grade information was used to classify TNETs, including well, moderately, and poorly differentiated, and undifferentiated, which was used in a prior publication. 26 Poorly differentiated and undifferentiated were combined into one category in the regression models because of the limited number of cases. Although the impact of histological grade was proposed in several small-sized retrospective analyses, 10, 11, 16 a large-scale database study by Fillosso et al. suggested that it had no effect on survival (P = 0.19). 3 Our analysis included more recently diagnosed patients and found that histological grade was not an independent prognostic factor for either OS or CSS in Cox regression analysis; therefore, the prognostic value of histological grade among TNET patients remains controversial.
Similar to published reports, we found that TNETs were larger than thymomas and thymic carcinomas, but were not significantly different (P = 0.15). 6, 27 Moreover, compared to other thymic tumors, TNETs were more likely to present with lymph node metastasis. Weksler et al. analyzed thymic carcinoma and TNET patients who underwent lymph node dissection and suggested that nodal metastases may be a negative prognostic factor in these patients. 28 However, their sample of TNET patients was much smaller than their sample of thymic carcinoma patients (1:3.3). Furthermore, in final multivariate analysis they did not separate TNET from non-TNET patients; therefore, the true impact of the nodal status of survival in TNETs could be misunderstood. In univariate analysis performed in the present study, no significant difference in the status of lymph node metastasis of either OS or CSS (P > 0.2) was observed. Because of the limited data on lymph node metastases (65.9% missing), we did not use this variable in multivariate analysis. Our findings, together with those of a previous study, indicate that the association between lymph node metastasis and inferior outcomes should be questioned, and further studies are warranted to understand the impact of nodal metastases in TNETs. 17 We also confirmed the predictive impact of M-K stage in TNETs. Patients with advanced-stage disease had inferior outcomes compared to those with early-stage disease. Treatments for patients with advanced-stage disease were more likely to be of palliative-intent, and management of these patients remains a challenge in clinical practice. 9, 29 Recently, an updated tumor node metastasis (TNM) staging system was proposed to better suit thymic malignancies and provide comprehensive information, which could benefit decision-making regarding the treatment strategy. 30 However, because of the limitations of the SEER database, we could not compare the newest TNM staging system with the classic M-K staging system.
We performed PSM to minimize the potential selection bias and verified that surgery was the mainstay treatment option for TNET patients, which was consistent with the results of prior studies. 2, 3, 9, 31 Compared to these studies, using multivariate analysis of subgroups, we further demonstrated the survival improvement for those who received complete resection (total/radical resection). 16, 28 Debulking surgery was associated with inferior outcomes in our study; therefore, we suggest that radical surgery with a curative intent should be considered for patients with resectable disease. Sullivan et al. reported similar results after analyzing data of TNET patients between 1988 and 2011 in the SEER database. 32 However, our study differs from this prior study because: (i) we analyzed more recently diagnosed patients, thus, the proportion of surgical resection was higher (nearly 70%) than that of any other SEER-based study; (ii) PSM was performed to minimize the potential selection bias; and (iii) as information on the specific surgery type for the primary site was not routinely collected in the SEER database until 1998, our study classified the surgery type more accurately and not only discriminated surgical resection from debulking resection but also demonstrated the impact of complete and incomplete resection on survival outcomes. In addition, as discussed previously, the five-year OS for patients who underwent surgery in the matched group was relatively high (nearly 75%), which was consistent with these two prior studies. Thus, CSS was also utilized as an outcome measure to more accurately validate the value of surgery, and CSS in patients who underwent surgical resection was higher than 80% (Fig 3b) . Moreover, to our knowledge, this is the largest SEER-based study to analyze the prognostic factors associated with disease-specific survival of TNET patients.
Postoperative radiotherapy was recommended in earlier studies to eradicate residual tumors and improve local control. Lim et al. revealed the survival benefit of PORT in thymic carcinoma, 15 and similar results were demonstrated for patients with thymoma in previous studies. 14, 33, 34 However, the role of PORT for TNETs remains controversial. Some researchers found that PORT did not achieve a favorable survival impact, 3, 32 and others reported a detrimental effect. 10, 28 We found a trend of improved survival in TNET patients who received PORT and further revealed that PORT significantly improved survival in those with specific M-K stages. Sullivan et al. observed a trend of poor prognosis in the PORT group (P > 0.05); however, they did not perform subgroup analysis according to the M-K stage and found that patients with advanced-stage disease were more likely to benefit from PORT. 32 We enrolled more recently diagnosed patients in the present study, and subgroup analysis demonstrated the favorable impact of PORT among stage III-IV patients. In patients with M-K stage IIB, the PORT group had significantly better OS than the non-PORT group. Although PORT showed a trend toward improved CSS, the improvement was not significant. To avoid selection bias of patients with lower postoperative mortality after PORT, we conducted additional sensitivity analysis using conditional survival. We compared OS and CSS for M-K stage IIB patients who survived the first three months. Conditional survival analysis showed that for patients who survived longer than three months, PORT improved OS (P = 0.036) and showed a trend toward improved CSS (P = 0.374, data not shown). Because of the lack of information on pathologic resection margins in the SEER database, we could not investigate the impact of PORT among those with positive margins who were more likely to suffer from a poor prognosis. Thus, further studies elucidating the exact role of PORT in this group are needed.
In the present study, the survival of patients with TNETs was significantly shorter than that of patients with thymomas, whereas there was no difference between patients with TNETs and thymic carcinoma, consistent with previous reports. 27, 28 Considering the difference in biological behavior, the latest WHO tumor classification also distinguished TNETs from thymoma. Thus, our results confirm that the malignancy features of TNETs are similar to those in thymic carcinoma but significantly different from those of thymoma.
Similar to other SEER-based studies, there were a few limitations in this study. First, information on lymph node metastases was unavailable for a large amount of patients, thus we could not include this variable in our final multivariate Cox analysis. Second, tumor size has always been considered to be a prognostic factor in other neoplasms, and patients with larger tumors are less likely to undergo surgery. After PSM analysis, although the difference between the surgery and non-surgery group was not significant, patients with an "unknown" size comprised a relatively large proportion. Therefore, in final multivariate analysis, after excluding those with missing values ("unknown" covariate), we confirmed the prognostic values of surgery as well surgical types among TNET patients. Furthermore, the newest American Joint Committee on Cancer TNM staging system was proposed to better classify TNETs. However, the SEER database does not record TNM stage, which limited our ability to verify the prognostic value of this method. Other systemic treatment options, such as cytotoxic chemotherapy, somatostatin analogs, and everolimus, have been recommended to achieve prolonged local control and reduce the risk of recurrence. 33, 35 Unfortunately, we could not estimate the effect of chemotherapy because of the lack of information. Recurrence rates and details of the radiotherapy methods, including the total dose, daily fraction, and treatment techniques, were also not available. Finally, as discussed above, selection biases may result in inconsistent survival analysis of PORT among M-K stage IIB patients; however, information on radiotherapy techniques and PORT toxicity are not recorded in the SEER database. Additional prospective randomized trials are warranted to confirm the role of PORT in this group.
In conclusion, using a population-based approach, our study analyzed the management and prognosis of TNETs. To our knowledge, this is the first propensity-matched analysis of SEER data, which not only demonstrated the role of complete surgical resection but also the favorable effect of PORT in specific subgroups of TNET patients. In addition, for the first time, prognostic factors were estimated and associated with CSS in a large cancer registry. However, because of the rarity of this disease, prospective analysis is still lacking and further investigation is necessary.
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